activity resulted in blocking the ephrinB effects on
The Kinase Activity of EphB Receptors Is Required for Spine Morphogenesis spines. Together, our data reveal a novel signaling pathway through which ephrinB and EphB2 receptors reguEphrinB1 treatment induced phosphorylation of the EphB2 receptor at synaptic sites, as revealed by partial late dendritic spine morphology. colocalization with synaptophysin ( Figure 2A shown). Overexpression of flag-EphB2-KD reduced the effects of ephrinB1 treatment on spines, resulting in a some were long, thin, protrusions, resembling filopodia (f); some were short and wide protrusions (sw); and many spine linear density and size comparable to the control neurons, indicating that kinase activity is required for were large protrusions, many had long necks with mushroom-like heads, and are referred to as "spine-like structhis effect ( Figure 2D Cortical neurons grown at high density were less responsive to ephrinB1 treatment than hippocampal neu-0.0001), lengths (2.52 Ϯ 1.08 versus 1.35 Ϯ 0.7, p Ͻ 0.0001), and breadths (1.63 Ϯ 0.35 versus 2.19 Ϯ 0.8, rons, possibly due to the lower expression levels of EphB2 in cortex than in hippocampus at this age (DIV12) p Ͻ 0.001) for ephrinB-treated neurons were also significantly larger than for untreated control.
(Henderson et al., 2001). To investigate whether the effects of ephrinB1 were mediated by the EphB2 receptor, At this stage, the majority of synapses in control neurons were shaft synapses ( Figure 1D , top, arrows), as we cotransfected cortical neurons with myc-EphB2 and GFP. Exogenous myc-EphB2 was concentrated in puncpreviously described (Papa et al., 1995) . However, on ephrinB1-treated neurons, almost 50% of the dendritic tate structures along dendrites and in dendritic spines, in a similar fashion to endogenous EphB2 (Torres et al., protrusions (filopodial-and spine-like protrusions) contacted presynaptic terminals, as revealed by synapto-1998) ( Figure 3A) . Treatment with clustered ephrinB1 or overexpression of EphB2 without ephrinB1 treatment physin staining ( Figure 1D , bottom, arrowheads), compared to about 10% in control neurons ( Figure 1C, left) . resulted in little change in spine structure ( Figure 3B ). However, treatment of cortical neurons overexpressing Moreover, 30% of the total synaptic contacts were made by large spines ( Figure 1C, center) , which virtually all EphB2 with clustered ephrinB1 resulted in an increased linear density of spines, but no significant change in contacted presynaptic terminals ( Figure 1D, bottom) . spine area ( Figure 3C ). The average spine linear density In addition, the total number of presynaptic terminals of EphB2-expressing and ephrinB-treated neurons increased as a result of ephrinB treatment ( Figure 1C , (53.73 Ϯ 30.1) was higher than that for control untreated right). The differences between ephrinB treated and conneurons (39.5 Ϯ 21.8, p Ͻ 0.001); the average spine trol were statistically significant by Student's t test (left, area of EphB2-expressing and ephrinB-treated neurons p Ͻ 0.001; center, p Ͻ 0.001; right, p Ͻ 0.0003). These (1.06 Ϯ 1.08) was similar to control untreated neurons results suggest that the ephrinB1-induced, large spine-(0.76 Ϯ 0.94, p ϭ 0.07). Together, these data demonlike structures had formed synapses. Many such spines strate that B-type ephrins acting on EphB receptors can contained AMPA receptors and postsynaptic densities, regulate spine morphogenesis. as shown by immunostaining with GluR2 and PSD-95 antibodies ( Figure 1E ). Together, these data suggest that ephrinB treatment rapidly induced the formation of Ephrin Treatment Recruits Kalirin spines, which were in contact with presynaptic termito EphB Clusters nals, and contained components of the postsynaptic Since we had previously seen that the Rho-GEF kalirin regulates spine structure, we wanted to test whether density including glutamate receptors. with a GEF-inactive form of kalirin-7 (Kal7-mut) along smaller dendritic spines than nontransfected neurons treated with ephrinB1 ( Figures 5D and 5E ) similar to with GFP ( Figure 5D ). Upon treatment with clustered ephrinB1, neurons expressing kal7-mut had fewer and the untreated control neurons ( Figures 1A and 1B) . The (E) Quantification of the ratios of P-PAK fluorescence intensities to total cell areas of nontransfected control neurons relative to the same ratios for neurons expressing myc-kal7-mut. Neurons were outlined manually to create regions; region areas and P-PAK fluorescence intensities inside the regions were measured using Metamorph. For each neuron, the ratio between P-PAK fluorescence and area was calculated; for each picture, the intensity/area ratios of each cell were divided by that of the cell expressing kal7-mut, and the average of these ratios was plotted as relative intensity/area. 
(F) EphrinB1-induced spine morphogenesis is abolished by PAK-inhibitory domain (PID). Hippocampal neurons expressing GFP (DIV10) were incubated with the cell-permeant PAK-inhibiting peptide (TAT-PID) for 2 hr and clustered ephrinB1 for 1 hr, and stained with antibodies for GFP (top) and P-PAK (bottom). (G) Quantification

